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Introduction Based on the materials investigated in a research study by the Bureau of Public 
Roads, an ultraviolet spectroscopic method for detecting adulteration of traffic 
paint vehicles in amounts as small as 2 to 5 percent by weight of the vehicle solids 
is reported herein. The method is applicable to the monitoring of purchased 
lots of traffic paint after a reference sample has been road tested and accepted for 
use. In the detection method used, the paint pigment is removed by centrifuging. 
A separate determination of nonvolatile solids is made by heating at 105° C. 
The solvents from a separate test sample are removed from a weighed sample of 
the vehicle by means of a rotating flask vacuum evaporator. A spectral grade of 
cyclohexane is used as a solvent to quantitatively prepare solutions of the vacuum 
dried vehicle solids, and the absorbances of the resultant solutions are measured 
in a double-beam recording ultraviolet spectrophotometer. The spectral curves 
and characteristics of the vehicle solids from both the reference and the purchased 
‘ paints are compared to establish uniformity or evidence of adulteration. In the 
}| paint vehicle was found to be the cause. Con- study reported here an alkyd resin was used as it is the most representative of 
| ‘sequently, State highway officials and reput- traffic paint vehicles in use today. Plots of percentage of each adulterant— 
able paint suppliers have been increasingly wood rosin, hydrocarbon resin, fish oil, and tall oil—against spectral absorbance 
“concerned about the problem of traffic paint at 264 nanometers (nm.) (or millimicrons) show the effect of the adulterant. 
adulteration. Unfortunately, detection of About 4 hours are required for a single determination. Modifications of the 
certain types of adulteration is difficult, method developed appear to have potential applicability to protective coatings 


‘tedious, and sometimes impossible when the in general, as well as to traffic paints, where composition is specified. 
classical chemical means normally available 


are used. Therefore, interest has increased in 
‘the development and use of rapid instrumental 
‘methods to detect adulteration of paint 
vehicles. 
_ Adulteration of the paint pigment now can 
} be quickly assessed by means of X-ray dif- 
fraction (1)? and the paint volatiles can be 
} rather easily analyzed by infrared spectrom- 
| etry. However, the detection of adulteration 
of the third major component of the paint, 
} vehicle solids, is more difficult and is the basis 
for the study reported herein. 
‘3 


is 


] 
} APPROXIMATELY HALF of the State 
5 highway departments purchase traffic paints 
‘on the basis of extended road performance tests. 
} When the best performing and most econom- 
‘ical paint in terms of cost per useful day of 
service has been selected, it is essential that 
| the paint delivered for actual use have the 
‘same composition as the test sample used in 
‘the road performance test. Many instances 
} have been reported in which the delivered 
||) paint failed to have satisfactory durability 
or drying time. Adulteration of the delivered 
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Applicability of Infrared Analysis 
and Other Methods 


_ Infrared spectral analysis is a rapid and reli- 
} able way of detecting gross adulteration of the 
| “paint vehicle solids or the substitution of a 
completely different generic type of vehicle 
solid for the one in the test or reference sample. 
Representative infrared spectra of various 
generic types of vehicle constituents are 

available in the literature (2, 3, 4). These 


1 This article contains essentially the same material that 
as reported in Materials, Research and Standards, February 
1967, published by the American Society for Testing and 
Materials. 


2 The italic numbers in parentheses indicate the references : : 
ted on p. 266 Figure 1.—Ultraviolet spectrophotometer used to measure ultra violet absorbance. 
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Figure 2.—Rotary-flask vacuum evaporator for removing solvents from paint vehicle 


solids. 


spectra are usually adequate for identifying 
such adulteration or substitution. However, 
minor adulterations of some vehicle solids 
with less expensive raw materials such as fish 
oil, rosin, tall oil, and hydrocarbon resin are 
often difficult to detect by such means. These 
may and do have legitimate uses in some 
types of coatings. However, for the purpose of 
this study, they were considered adulterants 
in order to determine to what degree alien 
components could be detected in an alkyd 
paint vehicle. Recent cooperative investiga- 
tions as yet unpublished by Subcommittee 44 on 
Traffic Paints of Committee D-1 of the Amer- 
ican Society for Testing and Materials, have 
shown that additions of such extraneous sub- 
stances to oil-alkyd paints, even up to the 
level of 20 percent by weight of the vehicle 
solids, cannot be clearly detected by infrared 
spectral analysis. Gas chromatography can be 
useful in detecting adulteration of the drying- 
oil portion of vehicle solids. However, the 
lengthy procedures required for gas chroma- 
tography and its limited application only to 
the drying-oil part of the vehicle solids 
indicated a need for other procedures for de- 
tecting adulteration in paint vehicles. As 
ultraviolet (UV) spectral analysis is known to 
be an extremely sensitive quantitative tool 
that rapidly reveals minor differences between 
organic substances, its potential was explored 
for detecting adulteration of vehicle solids 
commonly used in traffie paints. 

In this study a comparison was made 
between UV_ spectral measurements of 
specially prepared solutions of alkyd resin 
containing no adulterants and spectral meas- 


urements of similar solutions containing 
known amounts of adulterants. A _ soya- 
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alkyd resin was selected because it is a type of 
paint vehicle most frequently used by many 
State highway departments. Spectral absorb- 
ance curves of these solutions were obtained 
by means of a recording ultraviolet spectro- 
photometer. 














Equipment and Materials 


A recording double-beam ultraviolet spectro- 
photometer (see fig. 1) equipped with 1- 
centimeter matched silica cells was used to 
obtain spectral curves and measure the UV 
absorbance. The light source was a hydrogen 
discharge lamp and the detector was a photo- 
multiplier tube. A rotary-flask vacuum evap- 
orator of the type shown in figure 2 was used 
for removing the solvents from the vehicle 
solids. 

Materials used in the study are identified 
as follows: | 
e Alkyd resin solution.—A 1-gallon sample of a 

medium oil length soya-alkyd resin having 

the following specification description: Acid 

value, 4-10 (solid basis); color (Gardner), 9 

maximum; Stoke viscosity, 5.5 to 8.8; | 

viscosity (Gardner-Holdt), T to V; solids, | 

49 to 51 percent; average weight per gallon, | 

7.60 pounds. 

Wood rosin. 

Hydrocarbon resin. : 

Fish Oil—A sample of liquid material 

labeled, Product, Light Cold Pressed Fish | 

having the following specification descrip- 
tion: Acid value, 8 maximum; color (Gard- 
ner), 12 maximum; cold test, 2 hours at) 
32° F., clear; average weight per gallon, | 

7.69 pounds. 
e Tall oil. 
© Spectral grade cyclohexane. | 








Experimental Procedure 


In some preliminary experiments the pig- 
ment from an oil alkyd paint was removed 
by centrifuging. Total nonvolatile solids were | 
determined by heating for severai hours at 
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Figure 3.—Ultraviolet 





absorbance curves for different concentrations of alkyd resin 
solutions in cyclohexane. 
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105° C. The residue after heating under these 
conditions was not suitable for ultraviolet 
absorbance measurements. As would be ex- 
pected, the heat treatment and exposure to 
air had polymerized the material so that its 
re-solution was difficult in any usable spectral 
grade solvent. Also, the polymerization caused 
the UV absorption characteristics of the 
material to change considerably, and the 
amount of change varied in relation to the 
extent of heating. Some attempts were made 
to remove the volatile solvents from the vehicle 
by heating it at 60° C. in a bell jar under an 
inert atmosphere of carbon dioxide. The 
resultant spectral pattern varied with time 
of heating and was not repeatable to a satis- 
factory extent. Therefore, the use of a rotary- 
flask vacuum evaporator was investigated. 
Evaporation under vacuum of approximately 
560 mm. of mercury for 20 minutes with the 
rotating flask partially immersed in a water 
bath maintained at a temperature of 56° to 
60° C. gave resultant vehicle solids that were 
soluble in cyclohexane and had repeatable 
ultraviolet absorption characteristics suitable 
for quantitative purposes. Absorbance meas- 
urements on a solution of alkyd resin in cyclo- 
hexane made immediately after its prepara- 
tion and after the solution had stood for 1 
week showed no evidence of appreciable 
change or precipitation of the resin from 
solution. 

Several different spectral grade solvents 
were evaluated. Some compromise had to be 
made between the dissolving power of the 
solvent for the dried test resin, and the 
solvent’s UV absorbance characteristics from 
210 to 360 nm., the range studied. Spectro- 
analyzed cyclohexane was selected for the 
work reported here. Although 20 percent of 
the wood rosin remained insoluble in cyclo- 
hexane, this solvent completely dissolved the 
other materials studied. Methanol dissolved 
all the wood rosin but it did not dissolve the 
alkyd resin and, therefore, was not applicable. 
Absorbance characteristics of the cyclohexane 
from 210 to 360 nm. were excellent. Other 
solvents tried were p-dioxane, n-butyl alcohol, 
isobutyl alcohol, n-heptane, acetonitrile, 
n-hexane, isopropanol, glycerine, and tetra- 
hydrofuran. Only tetrahydrofuran completely 
dissolved all the materials studied. However, 
tetrahydrofuran usually contains hydroqui- 
none or other substances that have been added 
to inhibit its oxidation. UV measurements 
made with this solvent indicated that either 
the tetrahydrofuran or the inhibitors were 
reacting with the dissolved alkyd resin, thereby 
affecting the spectral characteristics. When 
such solutions were allowed to stand, sub- 
stantial changes occurred in UV absorbance. 

After these preliminary experiments, a study 
was made of the repeatability of the results 
from the procedure tentatively selected. For 
these tests a portion of the alkyd resin solution 
was weighed, the volatile solvents in the sample 
were removed by evaporation under inert con- 
ditions in a rotating-flask vacuum evaporator, 
and the alkyd resin was redissolved in spectral 
grade cyclohexane. This solution was trans- 
ferred to a volumetric flask; appropriate ali- 
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Figure 4.—Ultraviolet absorbance curves for different concentrations of wood rosin in 
cyclohexane. 
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Figure 5.—Ultraviolet absorbance curves for different concentrations of hydrocarbon 
resin in cyclohexane. 


quots of this solution were taken to prepare 
solutions containing 0.03, 0.01, 0.005, and 
0.001 percent concentrations of dry alkyd 
resin. For the purpose of this report, the 
percent concentration means the weight 
of solute per 100 ml. of solution; for ex- 
ample, a 0.03 percent solution means 0.03 
grams of solids in 100 ml. solution. The UV 
absorbances for the various solutions contain- 


ing different concentrations of alkyd resins 
were measured. Typical absorption patterns 
are shown in figure 3. The peak at 276 nm. is 
reported to be caused by phthalic acid (4). 
Within a 12-day period, eight replicate runs 
were made. The absorbances obtained at 276 
nm. for 0.03, 0.01, and 0.005 percent solution 
concentrations of the alkyd resin in cyclo- 
hexane are given in table 1. Replicate ab- 
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sorbances obtained at 264 and 225 nm. are 
also given. In the spectrum of alkyd resin, a 
spectral trough occurs at 264 nm. and a 
shoulder occurs at 225 nm. 

The calculated average, range, standard 
deviation, and coefficient of variation in the 
absorbance values for each of the wavelengths 


and concentrations studied are also given in 
Based on the results at 276 nm., the 


table 1. 


relative spectral repeatability was somewhat 
better for solutions containing the greater 
amount of resin. 

After the absorbance patterns of the un- 
adulterated alkyd resin solutions had been 
established, absorbance patterns were made 
of cyclohexane solutions of the adulterants to 
be used: wood rosin, hydrocarbon resin, fish 
oil, and tall oil. These patterns are shown in 
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Figure 6.—Ultraviolet absorbance curves for different concentrations of fish oil in 
cyclohexane. 





CELL PATH, | CM. 





























0.07 PCT. CONCENTRATION 
(WT./VOL.) 











UV ABSORBANCE 























eed ee 
0.03 PCT. CONCENTRATION ( WT./ VOL.) 











0.005 PCT. CONCEN 





TRATION (WT./VOL. 
| 















i. 





.01 PCT. CONCENTRATION (WT./VOL.) 
























185 210 235 260 





Soa 


285 310 355 360 





WAVELENGTHS, NANOMETERS 


Figure 7.—Ultraviolet absorbance curves for different concentrations of tall oil in 
cyclohexane. 
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figures 4, 5, 6, and 7. It must be remembered 
that part of the wood rosin would not dissolve 
in cyclohexane. Consequently, solutions of 
wood rosin in cyclohexane were prepared and 
filtered through a bed of glass wool in order 
to remove the insoluble fraction before the 
stock solution was prepared, and the procedure 
of taking aliquot parts of the solution and 
measuring absorbances was continued. Glass 
wool was used as a filter because cyclohexane 
washed through ashless filter paper gave a 
definite ultraviolet absorption pattern. 

By using a light box and superimposing the 
recorded spectral pattern of each adulterant 
over the pattern of the alkyd resin, and keep- 
ing in mind any differences in concentrations, 
a good idea of the effect of each of the adulter- 
ants on the resulting pattern of an alkyd resin- 
adulterant mixture could be obtained. Always, 
the overall spectral characteristics of each of 
the adulterants differed substantially from the 
alkyd resin and, therefore, an ultraviolet 
spectral approach to detecting alkyd resin 
adulteration seemed assured. The questions 
were then: How small an amount of adulterant 
could be detected, and how could quantitative 
measurements be made? A decision was made 
to focus upon the extent to which the alkyd 
resin absorbance peak at 276 nm., or its ab- 
sorbance trough at 264 nm., would be changed 
by added increments of adulterant. These 
wavelengths were selected because sharp 
spectral peaks or troughs lend themselves 
more readily to quantitative treatment. 


Effect of adulterants 


From the comparison of the spectral pat- 
terns, it appeared that the effect of each of 
the adulterants studied would be to alter the 
alkyd resin absorbance at its trough at 264 
nm., but the absorbance at its peak at 276 
nm. would not always be altered. For example, 
the absorbance of wood rosin coincided almost 
exactly with the absorbance of the alkyd 
resin at its 276-nm. peak when the same 
concentrations were used. Referring to wood 
rosin in figure 4, the peak at 241 nm. is at- 
tributed to abietic acid, the shoulder at 250 
nm. is attributed to isoabietic acid, and the 
shoulder at 276 nm. is attributed to dehydro- 
abietic acid (6). The shoulder at 276 nm. 
coincides with the reported peak of phthalic 
acid in the alkyd resin (5). Therefore the 
alkyd resin absorbance trough at 264 nm., 
rather than the adjacent peak was used in 
order to preclude the possibility of permitting 
wood rosin adulteration to go undetected. 


Sample preparation 


Solutions of adulterated alkyd resin paint 
vehicles were prepared so that the vehicle 
solids part contained 5, 10, and 20 percent 
each of wood rosin, hydrocarbon resin, fish 
oil, and tall oil. Total nonvolatile solids 
content of each adulterated solution was 
determined by heating samples at 105° C. 

Separate samples of the adulterated solu- 
tions were weighed and heated in the rotating 
flask evaporator under line vacuum to remove 
the solvent in the test sample. The resultant 
solids were redissolved in cyclohexane, an 
solutions containing 0.03, 0.01, 0.005, an 
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Figure 8.—Effect of wood rosin adulteration of alkyd resin on its UV absorbance. 
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d Figure 9.—Effect of hydrocarbon resin adulteration of alkyd resin on its UV absorbance. 
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0.001 percent concentrations of nonvolatile 
solids were prepared by taking aliquot parts. 
UV absorbance measurements for each of the 
solutions were then made. 

The effects of each added adulterant on 
the absorbance of the alkyd resin at the 264- 
nm. trough are shown in figures 8, 9, 10, and 
11. Each of the points shown was obtained 
from a single determination. The superim- 
posed patterns of 0.03 percent concentrations 
of the alkyd resin mixed to contain 0, 5, 10, 
and 20 percent fish oil respectively, on the 
basis of vehicle solids, are shown in figure 12 
for the spectral area near 264 nm. 

Four runs were made on the alkyd resin 
sample that had been mixed with 10 percent 
tall oil to check further the repeatability of 
the method. For a total solids concentration 
of 0.03 percent, a coefficient of variation of 
1.35 percent was obtained. This is within the 
repeatability previously obtained from eight 
runs on the unadulterated alkyd resin at the 
same total concentration and wavelength. 

From consideration of the results obtained 
on the adulterated samples with the calculated 
variability for unadulterated alkyd resin as 
given in table 1, minor adulteration of alkyd 
resins can be expected to be detected by 
ultraviolet spectroscopy. Allowing for a 2- 
sigma deviation within any single set of 
determinations at a single wavelength of 264 
nm. (for the reference paint vehicle and test 
paint vehicle) the following levels of adulter- 
ation should be detectable at a 95 percent 
confidence level: tall oil, 2 percent; fish oil, 
2 percent; wood rosin, 5 percent; and hydro- 
carbon resin, 5 percent. These detection 
limits, especially for wood rosin and hydro- 
carbon resin, can be reduced considerably by 
spectral changes at other wavelengths. For 
example, for wood rosin and hydrocarbon 
resin, large spectral differences exist between 
each of these materials an! the pure alkyd 
resin in the area of 210 to 235 nm. (figs. 3, 
4, and 5). By judicious use of these spectral 
differences and other parts of the spectrum, 
the detection limits for adulteration can _ bs 
reduced considerably. 

Figures 8 through 11 show that adulteration 
with wood rosin or hydrocarbon resin in- 
creases the absorbance of the alkyd resin 
trough at 264 nm., and the presence of fish oil 
or tall oil reduces the absorbance value at that 
same wavelength. Presumably, a combination 
of two adulterants could be calculated and 
added to alkyd resin so that UV absorbance 
measurements at only one wavelength might 
not be sufficient to show that adulteration had 
occurred, if conclusions were based on this 
characteristic only. However, as previously 
stated, a comparison of the entire curves of 
reference and test materials provides qualita- 
tive information that helps to identify such a 
combination of adulterants. For example, an 
appreciable spectral difference was noted in 
the curves for 0.005 percent solutions of each 
of the following: pure alkyd resin, alkyd resin 
mixed with 10 percent tall oil, and alkyd resin 
mixed with 10 percent wood rosin. 

The unadulterated alkyd resin curve reached 
an absorbance of 1 at about 233 nm. while the 
curve for 90 percent alkyd resin and 10 percent 


255 


0.8 


UV ABSORBANCE AT 264 NM. 
Oo 
Ny 





0.03 PERCENT TOTAL SOLIDS 
CONCENTRATION (WT./ VOL.) 


TALE OIL. ADUELERANT, “PERCENT OF STOTAL SOLIDS 


Figure 11.—Effect of tall oil adulteration of alkyd resin on its UV absorbance. 


wood rosin reached an absorbance of 1 at 231 
nm. In contrast, alkyd resin with 10 percent 
tall oil, reached this absorbance between 216 
and 223 nm. in the case of the four runs made 
in this adulteration. Presumably, sophisticated 
adulteration with a combination of tall oil and 
wood rosin could be detected from a significant 
wavelength shift of the spectral curve where it 
reaches the higher absorbance values. 

Because of the time required to conduct the 
study, the stability of the test resin on storage 
was of interest. Tests showed that a small 
change in absorbance characteristics of the 
unadulterated alkyd resin had occurred after 
1 3-month period. A slightly greater change 
occurred in the solution of alkyd resin, as 
obtained from the manufacturer, that was left 
in a clear glass jar exposed to the light of the 
laboratory than occurred in the main supply 
of the resin that had been stored in a gallon 
container in a dark cabinet. The absorbance of 
the trough at 264 nm. did not change as much 
on storage as did the peak at 276 nm. Re- 
frigerated storage in a full container under a 
blanket of inert gas, such as nitrogen, would 
prevent such changes. 

The protection afforded by the inert atmos- 
phere was demonstrated by tests in which part 
of the solution of alkyd resin used in the study 
reported here was stored under an atmosphere 
of nitrogen for 50 days in a refrigerator. The 
procedure recommended subsequently was 
used on samples taken before and after the 
50-day storage period. Absorbances for 0.03 
percent solutions at 276 and 264 nm. differed 
by 0.000 and 0.005 absorbance unit, which is 
well within one standard deviation for replicate 
tests as given in table 1. 


Recommended Procedure 


The recommended procedure for deter- 
mining whether a paint vehicle has been 
adulterated is described in the following 
paragraphs. 
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Remove the pigment from the paint by 
centrifuging and place the separated vehicle 
in a well-stoppered amber bottle. Determine 
the nonvolatile solids content of the vehicle 
by the procedure described in method 4041 of 
Federal Test Method Standard No. 141 (7). 
Weigh by difference in the following manner: 
Pour several grams of paint vehicle into a 
small screw-cap dropping bottle equipped 
with a medicine dropper. Weigh the sealed 
bottle and contents. Transfer about 1 gram of 
the vehicle to a weighed aluminum dish, 
quickly replace the cap, and reweigh the 
dropping bottle. Avoid sucking the vehicle up 
into the rubber bulb of the dropper, 
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Heat a water bath of appropriate size on a 
variable-control hotplate to a temperature of — 
56° to 60° C. Weigh by difference from a 
dropping bottle, a sufficient amount of the — 
paint vehicle to provide about 0.4 gram of 
nonvolatile solids into a 100-ml. standard- 
taper, round-bottom Pyrex flask. Stopper the 
flask immediately. 

Set up a rotary-flask evaporator without 
any lubrication on any of the ground glass 
joints. The rubber O-ring occasionally needs 
to be lubricated with a few drops of high- 
vacuum pump oil. Provide water connections 
to cool the condenser. Connect the outer 
jacket with pressure tubing to the stopcock of 
an unopened vacuum line. Remove the stopper 
from the flask and attach the flask to the 
evaporator; hold it in place with the clip 
provided. Close the glass stopcock at the top 
of the evaporator. Turn on the vacuum con- 
nection and start the rotation of the flask. A 
vacuum of about 560 mm. of mercury, or more, 
is satisfactory (absolute pressure of 200 mm., 
of mercury or less). Place the water bath and 
hotplate under the flask. Lower the flask until 
it is about one-half immersed in the water 
but so that it does not scrape the bottom of the 
water bath. Start timing at this point; keep 
the temperature of the bath between 56° and 
60° C. If the temperature reaches 60° C. it 
can be reduced quickly by pouring in a little 
cold water. 

At the conclusion of 20 minutes all of the 
solvent from the test sample should be evap- 
orated. Then dissolve the dried alkyd resin in 
cyclohexane. A convenient way to do this is 
to pour approximately 45 ml. of spectral grade 
cyclohexane into a 50-ml. beaker and transfer 
about 4.5 ml. of this into a 5-ml. beaker. At 
this point turn off the vacuum, remove the 
pressure tubing from the vacuum line, and 















285 310 335 360 


Figure 12.—Spectral absorbance near 264 nm. of alkyd resin adulterated with fish oil. 
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then reopen the vacuum line. Immediately 
turn the top ground glass stopcock of the 
_ evaporator so that it is open to the air. Hold 
the 5-ml. beaker under the glass inlet tube and 
_ with the other hand push the end of the 
_ pressure tubing up against the vacuum-line 
stopcock opening. This causes the cyclohexane 
in the 5-ml. beaker to be sucked through the 
center glass tube and into the evaporating 
flask. Repeat this procedure until the contents 
of the 50-ml. beaker have been transferred to 
the evaporating flask. Then close the ground 
glass stopcock at the top of the evaporator. 
Shut off the vacuum line stopcock and leave 
the pressure tubing disconnected. Continue 
rotating the flask in the water for 5 minutes to 
effect complete solution of the residue in the 
flask. Any convenient procedure for admitting 
the cyclohexane is acceptable as long as the 
dried resin is kept under inert conditions inso- 
far as possible. 

At the conclusion of the 5-minute period, 
raise the evaporator so that the water bath and 
hotplate can be removed. Dry the flask, stop 
the rotation, and lift the center tube of the 
evaporator so that it no longer protrudes into 
the flask. Carefully remove the flask and its 
contents. 


Quantitatively transfer the contents of the 


flask to a 100-ml. volumetric flask; rinse the. 


evaporator flask well with cyclohexane and 
collect the rinsings. Repeat the washir g pro- 
cedure until the contents of the volumetric 
flask are slightly below the mark. After the 
flask has stood a few minutes and cooled to 
room temperature, carefully add cyclohexane 
to the volumetric flask until the contents reach 
the 100-ml. mark. Make final adjustments 
dropwise by means of a small pipet—do not use 
a rubber bulb on the pipet. Mix the contents 
_of the volumetric flask thoroughly. 
From this stock solution, appropriate con- 
centrations can be made by putting aliquot 
parts into 25-ml. volumetric flasks and diluting 
these to the mark. A convenient equation to 
_ use in calculating the milliliters of aliquot to be 
taken is given in the following example. To 
make a 0.03 percent solution use: 


0.03 X 25 __ milliliters of 
Weight of SS nonvolatile ~~ stock solution 
sample fraction 


For other concentrations, substitute the per- 
cent of concentration desired for the figure 
0.03. A 2-ml. pipet graduated to 0.01 ml. is 
convenient for transferring. To prepare a 
solution as dilute as 0.001 percent, it is 
advisable to transfer a 2.50-ml. aliquot of a 
0.01 percent solution to a 25-ml. volumetric 
flask and dilute to the mark. It is well to 
estimate to the nearest 0.001 ml. when using 
the pipet in order to insure an accuracy in 
measurement of about one part in 100. 


Obtain absorbance curves with the spectro- 
_photometer using a scanning rate of about 20 
nanometers per minute. Before each run, 
establish a baseline that shows the relative 
| absorbances of the two cells containing only 
cyclohexane. This procedure provides evidence 
i“ 


ke 
PUBLIC ROADS e Vol. 34, No. 12 





Table 1.—Repeatability of absorbance measurements made on alkyd resin solution ! 


Absorbance measurements 


at 225 nm, 





Concentration, percent 2 





0. 005 





Replicate runs: 








1 Tn spectral grade cyclohexane using a 1-cm. cell. 
2 Weight per volume basis of alkyd resin in solution, 


of cleanliness of cells and how well they are 
matched. In the work reported here, the alkyd 
resin coating on the cells could not be removed 
completely with any of the organic solvents or 
detergents that were tried. The cells, therefore, 
were cleaned by immersing them in freshly 
prepared chromic acid cleaning solution after 
each day’s use (30-ml. beakers were used). 
After being rinsed thoroughly with distilled 
water, the cells were dried at 105° C. The in- 
structions for operating the spectrophotometer 
are contained in the instruction manual pro- 
vided by the manufacturer of the instrument 
(8). 

A convenient method for pouring solutions 
into the 1-centimeter ultraviolet cells is to 
transfer about 3 ml. of each solution into a 
5-ml. beaker and then to the cell. After the 
absorbance has been measured, if the solution 
to be discarded is poured out of the cell, it 
tends to run over the clear outside surface. 
Wiping or washing these sides during a test 
leaves them in such a condition as to cast 
doubt on subsequent absorbance measure- 
ments. This difficulty can be avoided in the 
following manner: Pull out a length of glass 
tubing to a small diameter and fire polish at 
both ends. Connect the tubing to a vacuum 
line through a safety flask. With the vacuum 
turned on, the smaller diameter part of the 
bent tube is very effective in removing solu- 
tions from the cells. Lower the tube down one 
of the frosted sides of the cell but do not allow 
it to touch the clear-glass windows through 
which the ultraviolet radiation passes. 


Use this described procedure on the original 
road test sample of traffic paint submitted and 
on samples from the purchased lots of paint. 
It is desirable that the final spectral test solu- 
tion be such that the more pronounced spec- 
tral peaks and troughs will occur at absorbance 
values near or below 1. The purchaser can be 
assured that the purchased paint vehicle has 
not been adulterated if the following criteria 
are met: (1) The pronounced spectral peaks 
and troughs for identical concentrations and 
wavelengths are within 2 to 3 parts in 100 of 
the same absorbance value. (2) Qualitative 
examination of the ultraviolet absorption 
patterns indicates the comparison spectrum is 
not shifted significantly in wavelength or 
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otherwise different. If these criteria are not 
met, it can be assumed that the purchased lot 
has been adulterated. It is possible to com- 
plete the solvent removal and obtain the pat- 
terns for two determinations within an 8-hour 
day, including time required for cleanup. 


Conclusions and Applications 


From the results obtained in the research 
reported here, it is concluded that the adul- 
teration of traffic paint vehicle solids can 
be detected by the absorption of ultraviolet 
radiation in the range 210 to 360 nm, A 
rotating-flask evaporator operating under line 
vacuum of 560 mm. of mercury can remove 
volatile solvents without noticeably affecting 
the ultraviolet pattern of an alkyd resin. 
Cyclohexane was determined to be satisfac- 
tory for ultraviolet spectral analysis because 
it adequately redissolved the vehicle solids 
and also had satisfactory ultraviolet absorp- 
tion characteristics. On the basis of materials 
investigated, it is concluded that adulteration 
in amounts as low as 2 to 5 percent by weight 
of the vehicle solids can be detected. 

The techniques described and_ principles 
involved seem to be applicable to vehicles 
and adulterants other than those included 
in this report. Modifications of the method 
developed would also seem to be applicable 
to paint vehicles in protective coatings for 
‘steel. Even when composition is specified, 
the ultraviolet spectral characteristics may 
be useful as a rapid method for determining 
compliance with specifications. Some of these 
other applications of ultraviolet spectral 
analysis are being investigated by the authors. 
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Effects of Volume Controls on Freeway Traffic 
Hlow—A Theoretical Analysis 


BY THE OFFICE OF 
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Introduction 


EAK PERIOD CONGESTION on urban 
freeways is a problem that is growing to 
alarming proportions. Various methods of 
controlling demand on a freeway, a freeway 
system, or the whole urban area street-high- 
way system, have been suggested by those 
concerned with the problem, but the methods 
currently being emphasized are freeway traffic 
surveillance and control. The primary objec- 
tive of most surveillance and control projects 
is the reduction or elimination of congestion, 
and the methods used are designed to limit 
the flow of traffic into a section of freeway 
(ramp metering) or to distribute traffic 
throughout a system so that all links in a 
network operate at or below capacity. 
Although there are several freeway control 
projects now in operation throughout the 
country, none has yet succeeded in eliminating 
freeway congestion; however, congestion has 
been greatly reduced at some locations. 
Several methods of reducing peak period 
congestion on freeways are discussed in this 
article and include ramp metering (ramp 
closure, fixed time ramp metering, dynamic 
ramp metering, gap availability metering, and 
system demand capacity metering); dynamic 
diversion of traffic; the concept of staggered 
hours; and the concept of economic constraint. 
In addition to the discussion of different 
methods of control, methods are formulated 
for calculating (1) metering rates for time- 
based metering systems, (2) maximum queue 
length, (3) total delay, and (4) length of 
congested period or ramp-metering period. 
These methods are then applied to a simple 
hypothetical ramp metering situation and an 
economy analysis is performed. The hypo- 
thetical ramp metering situation serves as a 
conservative example of the benefits to be 
obtained from eliminating freeway congestion. 
In order to provide a facility that operates 
smoothly, it is necessary to design a system 
free of traffic bottlenecks. A bottleneck has 
been defined as a location at which the demand 
can exceed the capacity, (1)? or the point at 


1 Mr. Hodgkins is the leader of the Stream Flow Task 
Group, a Publie Roads research group concerned with the 
formulation and evaluation of traffic flow theory, the de- 
velopment of area traffic surveillance and control systems, 
and the evaluation and development of automatic highway 
Systems. 

2 References indicated by italic numbers in parentheses 
are listed on page 266. 
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Traffic congestion on urban freeways is a major concern of traffic engineers 
faced with the problem of maintaining traffic flow, and in this article several 
methods for reducing peak period congestion are discussed. Methods are pre- 
sented for calculating metering rates for certain ramp metering systems, queue 
lengths, delays, and lengths of congestion period. A hypothetical ramp metering 
problem illustrates the benefits to be gained by eliminating congestion from the 
freeways. 

There are several methods of regulating freeway demand, and their use either 
individually or in combination can be an effective tool for transportation en- 
gineers. Ramp metering techniques have been effective in decreasing travel time, 
increasing average speeds, and reducing the number of accidents. Of the several 
methods of ramp metering, ramp closure and fixed time metering have been 
useful in eliminating recurring congestion. Dynamic ramp metering may even- 
tually provide a major contribution to the elimination of congestion. Current 
systems have reduced congestion a great deal but have not completely eliminated 
it. Economic constraints may be effective in regulating demand, but their effect 
on traffic flow has not been determined and they could adversely effect economic 
development of the areas where they are used. Dynamic diversion of traffic— 
monitoring traffic conditions and informing the driver of alternative congestion - 
free routes—can prevent congestion in sections of a network and improve overall 
system utilization. Even the staggering of hours can be effective in regulating 
demand under certain circumstances. 
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Figure 1.—Flow rate at a bottleneck. 
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Y hich the capacity decreases and/or the 
demand increases. The capacity of most 
highway facilities is not uniform. Conditions 
such as adverse grades, reduction in the num- 
ber of lanes, short radius curves, heavy 
weaving movements, or heavy ramp move- 
ments (either on-ramp or off-ramp) will tend 
to reduce the capacity at given points on the 
facility. If the volume of traffic approaching 
a point of restricted capacity is larger than 
the capacity of that point, congestion will 
result. 


- CAPACITY 
(2,000 
v.p.h. 


PER 
LANE) 


q VOLUME ———_——— 


a te 


ae tad kee Tae 


>, aaa le a 

or demand is less than capacity, but the con- 
gestion lasts until time t. The shaded area 
represents total delay. Any abscissa (2) 
represents delay to an individual vehicle, and 
any ordinate (y) represents the number of 
vehicles being delayed at a point in time. 
To eliminate the delay, it is necessary either 
to increase the capacity at the bottleneck or 
to decrease the rate of flow into the bottle- 
neck. Most of the methods of volume control 
discussed in this paper are those designed to 
limit the rate of flow entering the system. 





UNCONGESTED FLOW 
x xX X X XK CONGESTED FLOW 


x 


x 
x 
x 
x 
«x 
x 
x 
x 
x 
x 
x 
x 
x 


ME Sines Pn Op hE 


. 
. 











The flow rate at a bottleneck is illustrated 
in figure 1. As shown, from time f) to time , 
he input rate at this point on the highway is 
equal to the output rate. For this example 
the flow rate from time t) to t equals the 
capacity of the facility. At time ¢, the demand 
(input) exceeds the capacity; the output or 
service rate cannot exceed capacity, therefore, 
a queue begins to form. At time & the input 
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Figure 2.—Typical volume-density relationship. 


An important factor to be considered when 
discussing bottleneck capacity is the actual 
reduction in effective capacity that occurs 
when the freeway becomes congested. In 
figure 1 it is assumed that there is no reduc- 
tion in capacity. Reduction in effective 
capacity can be partly attributed to a decrease 
in volume when the density in vehicles per 
mile exceeds a certain critical value (in the 


range of 50 to 60 vehicles per lane-mile), as 
shown in figure 2. 

The mathematical expression for the volume 
of a bighway lane is: 


q=kv 
Where, 
q= the flow rate in vebicles per hour. 
k=the density in vehicles per mile. 
v=the speed in miles per hour. 


The effect of the terms of this equation is 
depicted in figure 2 in which it is shown that 
by decreasing the density from k3; to ky, an 
equivalent volume can be moved at higher 
speed and that by decreasing the density 
from k3 to ky a larger volume can be moved 
at a higher speed. Density ky is the density 
at capacity in this illustration; when the 
density is greater than kz congestion will occur. 

The reduction in effective capacity can be 
partly attributed to another phenomenon, 
which is reported in the Highway Capacity 
Manual 1965 (2), on pages 78 and 108. It is 
noted that, although the normal lane capacity 
of a multilane highway is 2,000 vehicles per 
hour, if the traffic flow is stopped, the flow 
rate leaving the point of interrupted flow 
usually will not exceed 1,500 vehicles per 
hour. This is an effective reduction in capacity 
of 500 vehicles per hour, a reduction which 
cannot be regained except by the addition of 
500 vehicles per hour to the traffic downstream. 
from the point of interruption. This phenom- 
enon is illustrated in figure 3. 

In figure 4, the effect of an effective reduc- 
tion in capacity on the cumulative flow over 
a period of time is compared with the results 
shown in figure 1, where it is implicitly as- 
sumed that there is no effective reduction 
in capacity. As illustrated, the total delay 
will be larger, the delay to individual vehicles 
will be longer, the maximum queue length 
will be greater, and the freeway will be con- 
gested over a longer period of time. 


Ramp Metering 


For a long time, traffic engineers have 
thought of metering freeway traffic as a 
method of effectively controlling inputs to 
the freeway, thereby providing desirable 
operating conditions on the freeway system. 
In theory it is possible to prevent congestion 


by controlling the vehicular densities in the 


freeway system. In the introduction to this 
paper it was shown that the elimination of 
congestion results in an increase in speed, 
or a decrease in travel time, on the freeway, 
and could result in an increase in volume. 

In a research report (3), David Solomon 
shows that a reduction in congestion results 
in fewer accidents. In other research studies 
it has been shown that a reduction in travel 
time, an increase in driver comfort, and an 
increase in the effective volume carrying 
capability of the facility can also be realized 
from reduced congestion. Ramp metering 
experiments at the Chicago Area Express- 
way Surveillance project have produced a 
25-percent increase in volume, a sharp reduc- 
tion in peak-period congestion, and a signifi- 
cant reduction in the accident rate. 
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Figure 3.—Effects of interrupting the flow 
of traffic 


To be completely effective and provide the 
most efficient use of the freeway system all 
entrance ramps should be controlled and all 
exit ramps should be monitored. The several 
methods of ramp metering include ramp 
closure, fixed time ramp metering, dynamic 
ramp metering, gap availability metering, 
and system demand-capacity metering. Each 
of these methods is discussed briefly in the 
following paragraphs. 

Ramp closure (4) may be thought of either 
as a change in geometries (elimination of a 
ramp) when a ramp is closed for the dura- 
tion of the peak period or, as a special case 
of metering, when closure periods range 
from 5 to 15 minutes at a time during peak 
periods. closure can inconvenience 
drivers who usually use a ramp, and care 
must be taken to ensure that alternate routes 
are available to those drivers affected. 

Fixed-time ramp metering is based on the 
premise that ramp and freeway demand is 
relatively predictable from day to day, and 
no attempt is made to account for unusual 
events such as traffic accidents. By using 
information gathered in origin and destina- 
tion surveys, ramp and freeway demand are 
estimated, and signals are installed on the 
ramps to feed ramp traffic into the freeway 
flow at predetermined flow rates during peak 
periods. This type of system operation is 
based on historical data; it does not respond 
to traffic flow conditions on the freeway. 


Ramp 


8 Occupancy is defined as the percentage of time that the 
space under a detector unit is occupied by a vehicle on the 
roadway. 
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Dynamic ramp metering requires an analytic 
definition of freeway traffic flow to be used 
effectively. By measuring certain traffic-flow 
parameters at strategic points on the freeway 
and on the on-ramp, metering rates are varied 
incrementally using previously derived rela- 
tions between the flow rate and the parameter 
being measured on the freeway. For example, 
metering rates on the Eisenhower Expressway 
in Chicago are based on a relation between 
lane 2 (middle lane) occupancy? upstream 
from the ramp and the freeway flow rate (see 
table 1), and metering rates on the Gulf Free- 
way in Houston are based on a relation be- 
tween the speed in lane 1 (right shoulder lane) 
downstream from the nose of the ramp and 
the freeway flow rate. Queuing on the ramp 
is measured by different methods, and at- 
tempts are made to minimize storage on the 
ramps and frontage roads. 

Both gap availability metering and system 
demand capacity metering are forms of dynamic 
ramp metering, but their application is sightly 
different from the general form of dynamic 
ramp metering in which the metering rate is 
based on a relation between a traffic flow pa- 
rameter, measured on the freeway, and the 
freeway flow rate. 

In gap availability metering the spacing in 
the traffic stream in lane 1 (right shoulder 
lane) upstream from the ramp is measured, 
and the signal at the ramp is programed to 
allow one, two, three or more vehicles to enter 
a gap in the stream that is based on a pre- 
determined acceptable gap per vehicle. Occa- 
sionally vehicles may switch lanes and fill the 
gap prior to the arrival of the gap at the nose 
of the ramp, but a detector at the nose of the 
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Figure 4.—Effect of a substantial reduction in capacity on the flow rate at a bottleneck. — 


ramp indicates whether a vehicle or vehicles 
have managed to enter the freeway. 

All of these metering systems except system _ 
demand capacity metering can be used at — 
individual ramp locations with varying degrees 
of success. Generally, it is more practical to | 
meter a series of ramps or all of the ramps in 
a controlled area to maximize the probability 
of eliminating congestion. System demand ca- 
pacity metering, however, is an analytic method 
for metering the entire system rather than 
just individual ramps or a series of ramps. 
System demand capacity metering might be 
visualized in its simplest form as measuring 
the inputs and outputs of a system and con- 
trolling entrance to the system so that a 
predetermined optimum density can be 
maintained. 

Research is now being conducted using 
combinations of all these ramp metering 
methods to provide more flexible, optimum 
metering rates in an effort to approach 
relatively high-speed, near-capacity operation. 

Ramp metering has progressed a great deal 
in the last 6 years, evolving from a concept 
and advancing to the beginnings of an oper- 
ational practicality. The ramp metering 
systems that have been designed to date are 
admittedly crude; but when a better under- 
standing of the functional relationships of 
traffic flow has been achieved, the application 
of these analytic descriptions of traffie flow to 
ramp metering and to other types of control 
will provide greater sophistication in traffic 
surveillance and control, and current experi- 
ments in ramp metering will be recognized as }_ 
highly valuable contributions to the total }’” 
knowledge that enabled man to control his | 
driving environment effectively. 
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F Table 1.—Metering rates for various 
} occupancy levels 


Lane-2 occupancy Metering rate 





Percent 


pn 
2.0 
2.0 
2.0 
8.5 
8.5 
8.5 
7.5 
6.5 
5.0 
5.0 








Dynamic Diversion of Traffic 


One concept for reducing system demand on 
links of freeway having insufficient capacity 
is dynamic traffic assignment—the assignment 
of traffic based on the operating conditions on 
any of the links of the freeway-highway 
network. By measuring traffic flow parameters 
on several different links of the freeway- 
highway network it should be possible to 
determine when the demand is about to 
exceed the service rate of any particular 
link. When this condition exists a computer 
system will activate the proper communica- 
tion devices to inform the driver of all alternate 
routes which will provide better service and 
minimize his overall travel time in his home- 
to-work or work-to-home trip. To effectively 
use dynamic diversion of traffic, it is necessary 
to measure those traffic flow parameters that 
will adequately predict the current state of 
traffic dynamics at any point in time. In a 
sense dynamic diversion of traffic does not 
really reduce the system demand, but it does 
provide the means for optimizing use of 
the system to minimize travel time and to 
offset congestion. If the demands on the 
system as a whole exceed the system capacity, 
then it becomes necessary to reduce the 
inputs into the system. Traffic-flow models 
to prescribe the dynamic diversion of traffic 
throughout any freeway-highway network 
can be derived by using the same linear 
programing techniques that are currently used 
in assembling traffic assignment and traffic 
distribution models for highway planning 
purposes. It is possible that with a better 
knowledge of the economic and traffic flow 
parameters, models now used for traffic 
assignment and traffic distribution can be 
easily modified for use in programing the 
dynamic diversion of traffic. 

An example of a crude though often effec- 
tive technique of diverting traffic based on 
existing traffic-flow conditions is the traffic 
reporter in a helicopter communicating with 
the driver through local radio stations. More 
complicated and effective techniques for ac- 
complishing the dynamic diversion of traffic 
would require an extensive system of detector 
units to measure the traffiic-flow parameters, 
and a system to communicate these measure- 
ments to a central computer complex that 
would continually record the state of the 
traffic. This is essentially what has been done 
in Toronto and what is being done in San 
Jose and New York City in an attempt to pro- 
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vide a coordinated system of signals through- 
out the city-street network. Dynamic diver- 
sion of traffic, however, would be applied to 
the freeway-highway system; a central com- 
puter would analyze and record the effective 
traffic flow parameters and provide appro- 
priate information to drivers so that they could 
follow the optimum route to their destination 
either by choice or by enforcement of more 
stringent routing controls. 

Dynamic diversion of traffic has been ex- 
perimented with in a very limited way on the 
John C. Lodge Expressway, Detroit, Mich.— 
the National Proving Ground for Freeway 
Surveillance, Control, and Electronic Traffic 
Aids. When an accident or heavy congestion 
occurs on the freeway, red X’s over each lane 
light up and a green arrow at the exit ramps 
begins flashing. Drivers on the John C. Lodge 
Expressway have learned that this informa- 
tional display indicates a blocked expressway 
that they should leave it at the next exit. 

In Chicago, informational signs have been 
placed on city streets to alert the driver ap- 
proaching an on-ramp of conditions on the 
Hisenhower Expressway and adjacent ramps. 
Changeable color arrows are used to indicate 
the traffic flow condition on the expressway 
and ramp. A red arrow indicates congestion 
has set in, an amber arrow indicates slow 
moving traffic and impending congestion, and 
a green arrow indicates free flow. Preliminary 
studies indicate that very little diversion can 
be attributed to these signs. 


Other Methods of Volume Control 
That Have Been Proposed 


In addition to ramp metering and dynamic 
diversion, several other methods of effectively 
reducing demand to a freeway system have 
been proposed. Two of these methods are 
staggered hours and economic constraints. 


The concept of staggered hours 


It is felt that by having people start work 
at different times of the day, the demand for 
use of the freeway-highway system could be 
spread over a longer period of time, thus 
relieving congestion and all its concomitant 
ills. However, there are several disadvantages 
to using the concept of staggered hours: 

e Although it is no longer feasible from 
the standpoint of highway use, it may be 
essential in some areas of employment for 
everyone to work the same hours. Therefore, 
in staggering hours between different em- 
ployees, it is necessary to account for the 


interrelations and interactions that take 
place during any normal work day. 
e Staggered work hours tend to work 


against other factors that contribute to a 
more favorable demand-capacity relation; 
for example, the staggering of hours could 
adversely affect the formation of carpools 
and conceivably result in an increase in total 
vehicle miles of travel and a decrease in 
average vehicle occupancy. 

e It is impossible to account for all vehicles 
in the system; traffic for shopping, business, 
school, social trips, ete., cannot be effectively 
regulated by staggering hours. 


e The staggering of hours is directly 
affected by network configuration and land 
use, 

The University of Arizona conducted a 
study to formulate a mathematical model 
for determining the extent to which traffic 


loads could be distributed over a longer 
period of time and for establishing the 


spread of hours needed to effect economies 
in the level of service (5). Results of this 
study indicated that staggering hours is 
technically feasible, but that the economie 
cost factors needed to use the model effectively 
were not completely known at the time. In 
general, it would seem that, to spread the 
demand over a long enough period to cause a 
significant reduction in the demand, and thus 
enable the highway system to operate at or 
below its capacity, would cause too long a 
spread in demand—perhaps too long in any 
single working day to be acceptable in a 
larger city. In medium-to-large cities, stagger- 
ing hours would have to take place over a 
2- to 3-hour period to accomplish significant 
reductions in demand during the peak hours. 
The staggering of hours alone may not 
be one of the better methods of adjusting 
demand to match capacity, but this concept 
used in conjunction with dynamic diversion 
and ramp metering might prove to be an 
effective tool in regulating traffic flow. 


The concept of economic constraint 


Economic constraint, as a method for con- 
trolling volume and thus regulating demand 
so that the service rate of the facility is not 
exceeded, states that demand can be reduced 
through the imposition of a toll or other 
user charge that is so high that the user 
will attempt to find alternate modes of less 
expensive transportation. One disadvantage 
of this concept is that it seems to let the 
rich man use the roadway and force the 
poor man to use mass transportation facilities 
or at least reduce his flexibility by forcing 
him to form carpools. 

Several methods have been proposed for 
imposing these economic constraints. One is 
simply to placing tollgates at all roadways 
leading into an urban area; another is to place 
detector loops in certain critical areas within 
the city and to require that all vehicles 
traveling within the city be equipped with 
meters that would measure the time each 
vehicle is operated or parked within these 
critical areas. The payment for this time 
would be directly proportional to the demand 
that these areas normally engender during 
peak periods. Still another method of economic 
constraint—one less stringent than the two 
just mentioned—is to provide tree mass 
transportation facilities so that the driver 
has a choice of spending money to drive his 
own vehicle or traveling on a transit system 
(either bus or rail), whieh he is subsidizing. 

All of these economic constraints should 
cause a reduction in demand for use of a 
facility or system and, if the constraint is 
stringent enough, enable the facility to handle 
flows within its capacity. In the long run, 
however, any urban area imposing such 
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economic constraints as toll charges or 
exorbitant parking fees is likely to contribute 
to the decline of the central urban area and 
to promote even greater urban area decentral- 
ization than has heretofore been experienced. 


Development of a Method for De- 
termining Time Based Metering 
Rates 
As stated in the introduction, fixed-time 

ramp metering is based on the premise that 

ramp and freeway demand is relatively pre- 
dictable, and this type of ramp metering can 

be used to prevent recurring congestion. A 

procedure to determine the fixed-time ramp- 

metering rates for a single on-ramp is devel- 
oped in the following paragraphs. This 
procedure can be adapted to dynamic ramp- 
metering situations and, if necessary, extended 
to account for a series of bottlenecks. For the 
purposes of this article, however, the addi- 
tional complexities required to adapt or extend 
these procedures for several bottlenecks would 
provide no better illustration of the use of 
ramp metering or other volume controls than 
that given for the single ramp. 

The following notation will be used for the 
remainder of this article: 


f(t) =freeway demand (vehicles per hour) at 
the merge point as a function of time 

r(t)=ramp demand (vehicles per hour) at 
the merge point as a function of time 

d(t)=the total demand (vehicles per hour) 
at the merge point as a function of 
time 

Cmi==the capacity (vehicles per hour) of the 
merge point before congestion occurs 

Cmo=the effective capacity (vehicles per 
hour) of the merge point after con- 
gestion occurs 

dm=the output flow rate (vehicles per 
hour) at the merge point 


qm= 4d (t) (1) 
Where, d(t) <Cmi 
Qm=C ma (2) 
Where, d(t) >C nm: and metering is not 
employed 
Gm=C mi (3) 


Where, d(t) >Cm and metering is 
employed 

L(t)=the length of queue 
vehicles) at time ¢ 

D(t)=the total delay 
time ¢ 

t,=the time when f(t) +r@=C,, 
=the time (hours) 

re(t)=the ramp metering rate (vehicles per 
hour) as a function of time 

It is obvious that: 


(number of 


(vehicle-hours) at 


d(t) =f +r (4) 


In order to eliminate congestion at the 
bottleneck it has been shown that qm must be 
less than or equal to Cn:. 
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The objective of ramp metering is to elimi- 
nate congestion at the bottleneck. Congestion 
is defined as the traffic flow condition that 
occurs when capacity is exceeded; therefore, 
the following equations can be derived: 


r¢(t)=Cmi—f(t) (5) 
Where, 
Qt) >C mt 
and 
Qm=f(t) +re(t) =Cmi (6) 
Where, 


d(t)>Cm 


The above procedure allows the freeway to 
operate at capacity. Freeways have been 
observed to flow at capacity; that is, 2,000 
vehicles per hour per lane, for the entire peak 
period under the proper operating conditions. 
Ramp metering ensures that the proper 
operating conditions are maintained. 

Without ramp metering the queue lengths 
and delays are calculated as follows: 


Lo={_ a(e)di—f Coit (7) 


Diy=| L(t)dt (8) 


Equation (7) gives the total number of 
vehicles in a queue at any point in time. 
This total should be divided between the 
freeway and the ramp in a ratio proportional 
to the respective demands. The same pro- 
cedure should be used for equation (8). 

With ramp metering the queue lengths 
and delays are calculated as follows: 


Lew={_ r(aat— { Daten ey 


De(u)= | Le(t) dt (10) 


The length of the period ot congestion (or 
ramp metering) can be calculated by deter- 
mining the time ¢ at which the queue length 
is reduced to zero and then subtracting ¢,, the 
time at which the congestion began. 

This procedure allows the freeway to keep 
flowing at capacity at the expense of the 
vehicles using the ramp. In fact use of this 
procedure will result in ramp closure during 
those periods when the freeway is operating 
at capacity. It must be assumed that there is 
either ample storage at the ramp or an 
alternate route available for use by the ramp 
vehicles. If an alternate route is available, 
the delay to the vehicles normally using the 
ramp will, in all likelihood, be less than if 
these vehicles were to be stored in queues at 
the ramp. In the calculations and analysis 
that follow it is assumed that no alternate 
route is available, but that there is ample 
space for storage, thus the ramp vehicles will 
be penalized to allow optimum operation of 
the system as a whole. 


Sample Calculations 
The problem 


In the preceding section the analytic proce- 
dures for calculating the metering rate, length 
of congestion time, length of queue, and total 
delay were developed. In the following para- 
graphs a solution of a simplified metering 
situation is completed to illustrate the use of 
these procedures. 

The metering location of this example is a 
single on-ramp to a single-lane freeway. The 
following equations supply the information 
necessary to solve this problem: 


f,;(t)=1, 400+ 6008 O<f< tei 
f,(t) = 2, 600— 6008 1<i<2, eda 
fs(t)=1, 400 2 <1 <4) (ie 
r; (t) = 200+ 6008 O<i<1la.04 
re(t) = 1, 400—600¢ b<t<2) (1a 
r3(t) =200 2<t<24 (16) 
d, (t)=1, 600+ 1, 200¢ O<t<19 Af 
de(t) =4, 000—1, 2008 1<t<2-.08 
ds(t) =1, 600 2<t<24 (19) 


Cm1 = 2, 000 vehicles per hour 
Cm = 1, 800 vehicles per hour 


The problem is to find the following: 

e The metering rate at which the freeway 
flow will not exceed C,,; (2,000 vehicles per 
hour). 

e The maximum length of queue under 
uncontrolled conditions. 


e The maximum length of queue under ) 


controlled conditions. 

e The total delay under uncontrolled con- 
ditions. 

e The total delay under controlled con- 
ditions. 

e The length of time congestion lasts under 
uncontrolled conditions. 

e The length of time metering is required 
under controlled conditions. 

Figure 5 is a graphical representation of the 
problem and its solution. 


Calculation of metering rate 


The metering rate can be calculated using 
equation (5) in the previous section. 
re(t) =Cm—f@) 
r{(t) =2,000— (1,400 + 600t) =600 (1-2) 


a ea | (20) 
rs (t) =2,000— (2,600—600t) = 600 (t-1) 

1<t<2 (21) 
r§(t) =2,000—1,400=600 v.p.h. 

2<t<t (22) 


Where, 
t,=the time at which the total demand is first 
equal to 2,000 v.p.h. 
and 
ts=the time at which the queue length is re- 
duced to zero. 
Using equation (17) ¢, can be calculated: 
2,000= 1,600+-1,200¢, 
t,=1/3 hour 
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aleulation of maximum queue length 
The queue length for uncontrolled condi- 
‘ditions can be calculated using equation (7) 
“| of the previous section. 


dy Lo=[ (1,600-+ 1,2002) at 
t=1/3 


t 
= f 1,800dt 
t=1/3 


For any value of time in the given interval 


i= 
oF 


TT 


; Bthe following equation will give queue length: 
"| L1() = 6008 —200¢ W<t<i (23) 


Because the function for flow rate is con- 
) structed from three separate continuous func- 
)| tions in time, the queue length at t=1 in 
equation (23) must be added to the calculation 
)} for queue length for the time period from 1 to 
2 in figure 5. Thus 


ES 


i) 
i] La(t)=400+{°  (4,000~1,2001) di 
—{ 1,800dt 
i} fT 
Lal) =2,200— 6002— 1,200 1<t<2 (24) 
| Similarly 

Ls(t) = 1,200— 200 2<t<t (25) 


_ Using equation (25) t& can be calculated: 


L3 (t) —- = 1,200— 200¢, 


ts=6 hours 


= 


== 


| 

_ Using equations (18) and (24) the maximum 

| queue length can be calculated. The maximum 
queue length occurs when 


d(t)=Cmmo at te>te 
Cm2= 1,800= de (t) = 4,000 — 1,200 


e200. 
51,2005, 





to 1% hours 


2,800 


Using equation (24) the maximum queue 
length can be calculated to be: 


L2(t) = 2,200 t2—600(t2)?— 1,200 


121 


11 
=? —— — ———_ 
,200 (=) 600 36 


)=1,200 


Maximum Queue Length=816 vehicles 

This represents 682 vehicles on the freeway 
and 134 vehicles on the ramp. 

The queue length for controlled conditions 
can be calculated using equation (9): 


Le(t)= | 


Oo 


r(t)at—[ re(t)dt 


t 
iit) ={ (200 +6001) ae— {’ (600 6002) dt 


Li (t) =600¢?— 400¢+ 67 Uwu<t<1 (26) 

As three separate continuous functions are 
used to describe flow rate, the queue length 
at t=1 must be added to the calculation for 
queue length for the time period from 1 to 2 
in figure 5. Thus 


t 
s(t) =267+ | (1,400 —600 4) de 
t=1 
t 
-{ (600 t—600) dt 
t=1 


$(¢) =2,000¢—600/2—1,1383 1<t<2 (27) 

Similarly the calculation of queue length 
for the time period from 2 to fs results in the 
following equation: 

D§(¢) =1,267—400t 2<i<t; 28) 

From the above equation it can be shown 
that t3=3% hours. 

The maximum queue length occurs when 
r(tj=re(t) at t>t. Using equations (15) 
and (21), ¢; can be calculated: 
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1,400 — 6002; = 6004, — 600 
2,000= 1, 2004; 
t:= 143 hours 


The maximum queue length which occurs 
at ¢; can be calculated from equation (27). 

Maximum queue length=2,000(%4) —600 
(75) — 1,183=534 vehicles 

These vehicles will be stored at the ramp. 


Calculation of total delay 


The total delay can be calculated using the 
equation: 


Diy =|" L(t) dt 


It must be remembered that three separate 
continuous functions were used to describe 
flow rate; the calculations for cumulative 
delay result in the following equations for 
uncontrolled conditions: 


D,(t) =2008—1002+4 raed a (29) 

D,(t) = 1,100 — 2008 — 1,200¢-+404 1<1<2 
(30) 

D;(t)=1,200¢—1002—1,196 2<t<t, (81) 


To calculate the total delay t, must be 
substituted for ¢ in equation (31). The total 
delay in the uncontrolled situation is 2,404 
vehicle hours, 


The calculations for total delay for con- 
trolled flow result in the following equations: 


D;(t) =2008—2008+67t1—7 %<t<1 (32) 

Dj () =393—1,133¢+1,0002@ 1<t<2 (33) 
— 2008 

D3 (t)=1,267t—2002—1,207 2<t<3% (84) 
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The calculated total delay is 799 vehicle- 
hours for the traffic flow situation where ramp 
metering is employed. 


Calculation of length of congested period or 
ramp metering period 


The length of the congested period is 
ts — tp =6— 4=5% hours. 


The length of the period of ramp metering 
is ts tp =3%—%=2% hours. 


Analysis of Economy of Sample 
Metering Scheme 


The improvement conceived for the pre- 
vious example of the benefits to be derived 
from volume controls was an isolated ramp 
metering location, and the formulated ramp 
metering scheme provided for penalizing the 
on-ramp flow to benefit the freeway flow. 
The analysis quantified the benefits to be 
derived from this type of installation in terms 
of vehicle-hours saved. The control philoso- 
phy used in the example was to allow the 
freeway to operate in an uncongested state 
at capacity, which means that the freeway 
was assumed to be operating at 2,000 ve- 
hicles per hour and that the average speeds 
would be in the range of 35 to 40 miles per 
hour. 

As mentioned, the ramp traffic bore the 
full burden of the delay; however, this re- 
sulted in a substantial reduction in total 
delay, the capability for maintaining capac- 
ity flow, and higher average speeds on the 
freeway. It would be possible to set the me- 
tering rate to maintain a higher level of 
service on the freeway, but the benefits in 
terms of total delay would not be as evident. 

Obviously there are no single-lane freeways, 
but an analysis for a single-lane situation 
actually errs on the conservative side. An 
analysis for a multilane highway under con- 
ditions in which the merge point capacity 
was exceeded would show even greater bene- 
fits from the application of this particular 
method. 

For the example illustrated there are only 
two logical alternatives: One is to do nothing, 
and the other is to install equipment to imple- 
ment the control procedures described. Peak 
period volume controls are not usually 
affected by the average daily traffic (ADT); 
highways that require metering installations 
or other volume controls are those on which 
demand regularly exceeds the capacity of the 
facility. It is not necessary to forecast growth 
rate, because there will be little opportunity 
for growth. In the example, the freeway oper- 
ated at 1,600 vehicles per hour in the off- 
peak period (freeway and ramp flow com- 
bined). Increasing demand would require 
longer periods of control. 

There are only three surveillance facilities 
in the country—those at Detroit, Chicago, 
and Houston—that have had appreciable 
experience in surveillance and control tech- 
niques. Although exact costs of the initial 
investment and of operations are not readily 
available for these projects, approximate 
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costs were obtained to provide an accurate 
estimate. As a single facility is being dealt 
with, the cost of the total freeway is not 
needed; only the cost of the metering instal- 
lation, the central control center, and related 
operating expenses have to be estimated. 
Similarly, only the differences in the road 
user costs caused by congestion need be 
considered. 

It was assumed that the useful life of the 
equipment is 15 years and that there would be 
no salvage value. Three vestcharge rates of 
8, 10, and 12 percent were selected for use in 
the calculations. The cost of accidents was not 
considered in the analysis, and consequently, 
the benefits to be derived from a reduction in 
accidents were not determined. It was decided 
that the benefit-cost-ratio method would be 
used rather than the rate-of-return method. 
Computation of the road user cost required an 
estimate of the number of speed change cycles 
during the period of congestion, or metering 
period. This was computed by assuming con- 
ditions: the rate of acceleration and decelera- 
tion for a speed change cycle is 5.5 feet per 
second 2 (a speed change cycle is defined by 
Winfrey (6) as “reducing speed from and re- 
turning to an initial speed’’); the speed before 
entering the congested section and after leay- 


Table 2.—Calculation of speed-change cycles and vehicle-running costs incurred 


Vehicle delay 
per day 


Type of operation 


Vehicle nes 
792 


Controlled: 
WromA0UIN Pills 2 eRe e te ee, eee ee 
rom ob 00s p: hesees ee eee eee wee 
Uncontrolled: 
Prom 40m. pih:) =a ee eee 64 
GiB yeyneltes isa noly oplape sy fee) Sey kare ee 2, 360 





Table 3.—Cost of time delay caused by congestion or metering 


Total time delay 


Type of operation 
Vehicle 





Table 4.—Differences in road-user costs between uncontrolled merging and controlled 
merging 


Classification 


Cost of speed changes: 
From 40 m.p.h 
From 35 m.p.h 


Cost of time: 
@ $1.00 per person-hour 
@ $1.55 per person-hour 
@ $7.20 per person-hour 


' Totals obtained by adding annual time costs to annual total speed-change costs ($1,003,348). 
































ing it is 40 m.p.h.; traffic flow is stop and go in 
the congested area with the vehicle repeatedly 
accelerating to 35 m.p.h. and then decelerat- 
ing to zero. Under these conditions, only the 
major and more prominent stoppages in the 
traffic flow were considered. 

Using these assumptions and the computed 
total delay it is possible to compute the number 
of speed change cycles at 35 m.p.h. The num- 
ber of speed change cycles at 40 m.p.-h. is equal 
to the number of vehicles through the section 
in the period of congestion or ramp metering. 
It was also assumed that there were no com- 
mercial vehicles in the traffic stream. The re- 
sults of these computations above are shown 
in table 2; the costs for the speed change cycles 
shown are taken from tables derived by 
Winfrey (6). 

The vehicle-running costs shown in table 2 
and the costs for delay in vehicle-hours shown 
in table 3 are daily costs. As the cost of time is 
a moot subject, the total costs for time were 
calculated at three different dollar amounts— 
$1.00, $1.55, and $7.20 per hour per person. 
The differences in costs between the uncon- 
trolled merge and controlled merge were 
calculated and are shown in table 4. The costs 
of equipment and operations incurred on the 
different surveillance projects are shown in 


Time used | Speed-change 
per cycle cycles 
per vehicle Per 1,000 


cycles 


Per day 


Seconds 
23, 34 
18. 64 


21. 34 
18. 64 





$15. 76 
12, 24 


15. 76 
12. 24 


$17. 86 
1, 872. 24 


170. 21 
5, 578. 92 





10, 800 
455, 794 


Total cost 


@ $7.20 
per hour 


Person @ $1.00 


per hour 


@ $1.55 
per hour 


Cost differences 


Cumulative 


Per year 
annual totals ! 


$39, 611 


1, 003, 348 


969, 540 
4, 505, 980 
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ble 5. It was decided that the Detroit project 
osts would be used to approximate the costs 
f the hypothetical ramp-metering installa- 
tion considered here; actually a fixed-time 
metering installation could be installed and 
maintained at a much lower annual cost. Table 
6 shows the benefit-cost ratios calculated for 
,jthe various factors. It can be seen that the 
| ramp-metering installation can be easily justi- 
| fied according to the benefit-cost analysis. 


Summary 


Several methods of ramp metering are 
jeurrently being studied. Ramp closure and 
|fixed time metering are relatively inflexible 
methods of control; however, these methods 
have proved to be useful in eliminating re- 
curring congestion. Dynamic ramp metering 
jincluding gap-availability metering and sys- 


tem demand-capacity metering would seem 
to require more definitive analytic descrip- 
tions of the traffic flow interactions than 
are available; current research in dynamic 
ramp metering indicates that ramp metering 
may eventually contribute in a major way 
to the elimination of freeway congestion. 
Metering systems have been developed to 
the extent, that congestion has been signifi- 
cantly reduced but not completely eliminated. 
In developing metering systems care should 
be taken to ensure that the storage require- 
ments on ramps and frontage roads do not 
cause detrimental traffic conditions to develop 
in the flow of traffic on adjacent streets 
and highways. Ramp-metering techniques 
have been proved effective in decreasing 
travel time throughout the system, increasing 
volumes and average speeds and reducing 
accidents. 


Economic constraints could prove to be 
effective in regulating demand; however, the 
effect of economic parameters on traffic flow 
has not been determined, and at present 
there is no way of predicting exactly how 
the imposition of toll constraints would affect 
traffic flow. It does appear that institution of 
the toll or high parking-fee type of constraint 
could adversely affect further economic de- 
velopment of those areas incorporating them. 

Dynamic diversion of traffic consists of 
monitoring traffic conditions on the freeway 
networks and informing the driver of the 
alternate routes that he should use to prevent 
congestion in individual links of the network 
and to provide optimum and maximum utili- 
zation of the system. 

The use of staggered hours as the sole 
means of regulating demand is not feasible 
in most instances, but there are some circum- 


Table 5.—Annual costs of operating different surveillance projects 


Capital 


Facility or project 


John Lodge Expressway, Detroit, Mich. (National Proving 


Ground): 


TV cameras and monitors 


Control cable 2 


Detectors and traffic-control equipment 


Computer 3 
Annual-power costs 


Annual equipment maintenance costs 


CSR 


Personnel 4 


ey 


TOTAL @ 8-percent rate 
TOTAL @ 10-percent rate 
TOTAL @ 12-percent rate 


Gulf Freeway, Houston, Tex.: 
Control center 3 


: Television system 3 
; Ramp-control equipment 
Office costs 


Personnel 


f 2 Equipment leased. 
hd 3 Equipment rented. 
t 4 Cost estimated. 

& 

be 

i 

; 

, Time costs excluded 


@ $1.00 per hour 





5 


Annual 
costs 


Annual 
benefits 


Benefit- 
cost ratio 


Annual 
costs 


Annual 
benefits 


= 


ad 








Percent 

8 ] $52, 635 
10 $853, 348 59, 231 
12 { 


66, 046 





$1, 478, 908 


$52, 635 
59, 231 
66, 046 


Vestcharge 
rate ! 


recovery 
factor 
(15 years) 


Annual 
cost 








Benefit- 
cost ratio 





$140, 000 


Percent 
8 


10 


0. 11683 
0, 13147 
0. 14682 


0. 11683 
0. 13147 
0. 14682 


$16, 356 
18, 406 
20, 555 
22, 500 
36, 279 
40, 825 
45, 491 
36, 000 

9, 700 
14, 300 


67, 500 





202, 635 
209, 231 
216, 046 
9, 600 
108, 000 
60, 000 
3, 000 
30, 000 
23, 000 

















Time costs included 


@ $1.55 per hour 





Annual 
benefits 


Annual 
costs 


Benefit- 
cost ratio 





$1, 822, 888 


59, 231 


$52, 635 
66, 046 











233, 600 
250, 000 


1 The cost of money (investment charge) for which a noncash benefit is realized, as in the public-works field. Term coined 
by Robley Winfrey, Group Leader, Engineering Economics Group, Bureau of Public Roads, 


Table 6.—Summary of economic analysis of a ramp-metering installation 


@ $7.20°per hour 





Annual 
benefits 


$5, 357, 328 


Annual 
costs 


$52, 635 
59, 231 
66, 046 






Benefit- 
cost ratio 


101 
90 
81 


1 The cost of money (investment charge) for which a noncash benefit is realized, as in the public-works field. Term coined by Robley Win frey, Group Leader, Engineering Economics Group; 


Bureau of Public Roads. 
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stances in which the staggering of hours may 
be warranted. 


Development of these methods and their 
use, either individually or in combination, 
promise to provide transportation engineers 
with effective tools for eliminating congestion. 


A procedure was developed for calculating 
ramp-metering rates, length of queue, total 
delay, and the length of the period of con- 
gestion or ramp metering. This procedure 
was used to calculate the required metering 
rates and other factors for a simplified ramp- 
metering situation. 


A benefit-cost analysis was performed to 
determine whether the ramp-metering alter- 
native was a better choice than the un- 
controlled-freeway alternative. The benefit- 
cost ratios developed range from 12 to 101. 
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OTOR-VEHICLE travel in the United 
States in 1966 totaled 930.5 billion 
vehicle-miles, an increase of 4.8 percent over 
jthe travel in 1965. The travel data were 
compiled by the Bureau of Public Roads from 
information supplied by the State highway 
departments and toll authorities. Total travel 
for 1967, based on information for the first 
19 months of the year, is estimated at 967 
} billion vehicle-miles, a 3.9 percent increase 
over 1966. 

The term vehicle-miles and the other 
technical terms used in this article are defined 
in the following statements: 

Vehicle-miles.—Vehicle-miles refers to the 
amount of travel by one motor-vehicle 
traveling 1 mile and includes travel on all 
}highways and streets in the United States. 
_ Trailer combinations.—A trailer combination 
is a truck or truck tractor pulling one or more 
trailers and/or a semitrailer. 

Motor-fuel comsumption.—Motor-fuel con- 
sumption is the total consumption of motor 
. fuel by highway vehicles for the year, obtained 
| from State records. 

_ Motor-fuel consumption rate-—Motor-fuel 
‘consumption rate is the average rate of motor 
fuel usage in miles per gallon (m.p.g.). 

it Because of recent rapid increases in motor- 
| cycle usage, separate estimates of travel for 
‘this vehicle type are shown for the first time. 
lotorcycle travel is estimated to have in- 
creased 32.4 percent from 1965 to 1966. The 
‘estimates for motorcycles, which are less 
| detailed and less reliable than for other vehicle 
| types, are based on special counts obtained by 
| ‘the State highway departments beginning in 
}) 1965 and on very limited data on usage 
} characteristics from industry and user sources. 
j The proportions of travel by road system 
and vehicle type changed little from 1965 to 
1966. Of the 1966 travel, 35.2 percent was on 
Bisin rural roads comprising 14 percent of the 
Nation’s total of 3.7 million miles of roads 
‘and streets. Some 50.5 percent of the travel 
Was on urban streets, which comprise 14 
‘percent of the total mileage. Travel on local 
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rural roads was only 14.3 percent, although 
these roads are 72 percent of the total mileage. 

Passenger cars represented 82 percent of 
the vehicles registered and did 80 percent of 
the travel in 1966; motorcycles, 2 percent of 
the vehicles and less than 1 percent of the 
travel; trucks and truck combinations, 16 
percent of the vehicles and 19 percent of the 
travel. Similar figures for buses were less than 
1 percent. 

Average vehicle performance in 1966 differed 
very little from that reported for 1965. The 
average motor vehicle traveled 9,698 miles in 
1966, half of it in cities, and consumed 778 
gallons of fuel at a rate of 12.47 miles per 
gallon. The average passenger car traveled 
9,506 miles and consumed 679 gallons of fuel 
at a rate of 14.00 miles per gallon. In 1966, the 
average truck and the average commercial 
bus traveled a little more than in 1965, but 
their average rates of fuel consumption did 
not change appreciably. 

The average annual travel for single-unit 
trucks, however, decreased from 10,003 miles 
in 1965 to 9,588 miles in 1966. Since these 
trucks are used extensively in the construction 
industry, substantial changes in construction 
activity are likely to affect single-unit truck 
travel. New construction placed in the United 
States in 1966, in constant (1957-59) dollars, 
decreased slightly from 1965. 

The travel and related information for 1966 
and revised information for 1965 are shown in 
table 1 by road system and vehicle type. Such 
data have been reported in Pusiic Roaps, A 
Journal of Highway Research, for a number of 
years; the latest for 1965 appeared in vol. 34, 
No. 6, February 1967, pp. 1382 and 133. 

The comparable State-by-State estimates of 
1965 travel, shown in table 2, became avail- 
able as a byproduct of the preparation of the 
report to the Congress, 1968 Estimate of the 
Cost of Completing the National System of 
Interstate and Defense Highways. Each State 
highway department prepared an estimate of 
actual travel in 1965, as a foundation for 
traffic forecasts needed for this report. 


According to the State estimates, the 
traveled way of the Interstate System carried 
147.2 billion vehicle-miles, or 16.6 percent 
of the total 1965 travel on all roads and streets. 
The traveled way consisted of 18,000 miles of 
Interstate System highways now in use and 
23,000 miles of existing connecting highways; 
service for this total mileage will be provided 
by the completed Interstate System. From the 
State estimates it is expected that by 1975 the 
41,000 mile Interstate System, comprising 
little more than 1 percent of the total road 
and street mileage of the United States, will 
carry more than 20 percent of the total 1,21 
billion miles of travel estimated for 1975. 

According to the State estimates of 1965 
travel, all Federal-aid combined, 
which includes about 25 percent of all roads 
and streets, carried 65 percent of all travel. 
Because of their principal use in a report to 
the Congress, the State estimates of 1965 
were made according to a system classification 
and rural-urban distinction directly related 
to the Federal-aid program. In the Federal-aid 
law, an urban area is “an including 
and adjacent to a municipality or other urban 
place having a population of 5,000 or 
more .’ In the annual estimates re 
ported in table 1, however, urban signifies 
the areas within the political boundaries of 


systems 


area 


municipalities such as cities, boroughs, and 


villages. As a consequence, urban travel in 
1965 as shown in table 1 was 50.5 percent of 
the total, but by the State estimates it was 
48.6 percent. 

In recent years the annual travel estimates 
reported in table 1 have been developed in 
part from trend indicators, extending from a 
base of comprehensive studies by the States 
of travel in 1957. The 
total travel in 1965 is 0.02 
more than the original estimate. One 
larger differences was in the proportion of 


revised estimate of 


only percent 
of the 
urban travel, which was revised from 48.0 
percent of total travel to 50.6 percent. 
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Table 1.—Estimated motor-vehicle travel in the United States and related data for calendar year 1966 and revised for 1965 ! 








Motor-vehicle travel Motor-fuel consumption] Average 
Number of| Average -{-0 0  travelsper 
Vehicle type vehicles | travel per gallon of 
Main 2 Local All rural Urban registered vehicle Average fuel 
tural rural roads streets Total Total per vehicle | consumed 
roads roads 




















Million Million Million Million Million 





Personal passenger vehicles: vehicle- vehicle- vehicle- vehicle- vehicle- Million Miles 
miles miles miles miles miles Thousands Miles gallons Gallons gallon 

erseGNCOr CATS ser 2 2. Sten Wee O 0 Ps Rene Se = ae Lo |e art oe ae | eee eee ah ee 2 ee Oe Bl Spe 744, 844 78, 353 9, 506 53, 220 679 14. 00 
RIGLOICVCLOS Beene ce seca ee ee eee Sa ee ee See) eee” ea | en eesti oS tee als eae ee 6, 896 1, 753 3, 930 92 52 75. 00 


mewmcd Briiothxwnw awster. eEstrirmmnatea Ihbwv Stato 














ALL PERSONAL PASSENGER VEHICLES. .-_----------_- 247, 626 103, 746 351, 372 400, 368 751, 740 80, 106 9, 384 53, 312 666 14. 10 
Buses: : 
941 196 1137 1,871 3, 008 84.5 35, 598 637 7, 538 4.72 J 
712 798 1,510 334 1, 844 238. 7 7, 725 259 1, 085 7.12 ' 
1, 653 994 2, 647 2, 205 4, 852 323, 2 15, 012 896 2, 772 5. 42 i 
249, 279 104, 740 354, 019 402, 573 756, 592 80, 429 9, 407 54, 208 674 13. 96 
Cargo vehicles: " 
PINPG-Un UE RUICKS: Seeks 22 5. 22 oc ee a eee et 57, 143 26, 774 83, 917 56, 976 140, 893 14, 694 9, 588 13, 636 928 10. 33 r 
PUTAMOTCOTR DINALIONS2 ose Sake geet eee ae 21,277 1, 507 22, 784 10, 228 33, 012 823 40, 112 6, 779 8, 237 4. 87 
PUT OERUCKS eka: ook erat Se eee ee oe 78, 420 28, 281 106, 701 67, 204 173, 905 15, 517 11, 207 20,415 1,316 8, 52 
APIO TOR VEHICLES aes cine Stade oa eon eee ee 327, 699 133, 021 460, 720 469, 777 930, 497 95, 946 9, 698 74, 623 778 12. 47 



































1965 REVISED 

















Personal passenger vehicles: 





IP SSSCIGGr Garg Ses ess Seen ter ee eB Soe ee ee bas eee eee ee OL ars coe eee eae 706, 386 75, 252 9, 387 50, 206 667 14. 07 . 
INSOLOTCYCIOS fe ramen pre ee SOE te. a See ee eet | ee ea | en) RP ent eae | Eo ke ee 5, 208 1, 382 3,770 69 50 75. 00 
ALL PERSONAL PASSENGER VEHICLES____...------_- 236, 777 96, 635 333, 412 378, 182 711, 594 76, 634 9, 286 50, 275 656 14.15 
Buses: . 
[Gipeatiits gS el pee ee Re as ee ie BRD Se Som 932 194 1, 126 1, 893 3, 019 85.0 35, 518 645 7, 588 4, 68 | 
PCLOOU TE ahs Se eee ee ee St eee Se 687 758 1, 445 318 1, 763 229. 3 7, 689 249 1, 086 7. 08 
RUS OUSEAS seine Esa t e Cee ots Sth, See een 1, 619 952 2, 571 2,211 4, 782 314.3 15, 215 894 2, 844 5. 35 : 

ALT PASSENGER WiHICLES: seed os ee ee 238, 396 97, 587 335, 983 380, 393 716, 376 76, 948 9,310 51, 169 665 14. 00 
Cargo vehicles: | 
\ 

Riel ele-UnsG CPU CKSh omen eee Ses See ee ee 62, 771 28,177 80, 948 59, 169 140, 117 14, 008 10, 003 13, 504 964 10.38 ; 
TAVeM COM NAbOUS. sacc: Atee wee Bee Pe eee 20, 459 1, 382 21, 841 9, 478 31, 319 787 39, 795 6, 431 8, 172 4, 87 . 


ATIC Ke Sec nn eee ee Ne eo ee ae 73, 230 29, 559 102, 789 68, 647 171, 436 14, 795 11, 587 19, 935 1, 347 8. 60 
ian ee OTOR VERICLES: S825. a. Soe ee acces 311, 626 127, 146 438, 772 449, 040 887, 812 91, 743 9, 677 71, 104 775 12. 49 


1 For the 50 States and District of Columbia. 


* Main rural roads include roads on the State highway systems, roads of the Interstate System, other mileage on Federal-aid systems, and major toll roads, which approximate in 1965 
523,000 road miles and in 1966, 527,000 road miles. 


§ Separate estimates of passenger car and motorcycle travel are not available by highway category. 
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PUBLICATIONS of the Bureau of Public Roads 





A list of the more important articles in PuBLic RoaAps and title 
sheets for volumes 24-83 are available upon request addressed to 
Bureau of Public Roads, Federal Highway Administration, U.S. 
Department of Transportation, Washington, D.C. 20591. 


The following publications are sold by the Superintendent of 


Documents, Government Printing Office, Washington, D.C. 20402. 
Orders should be sent direct to the Superintendent of Documents. 
Prepayment is required. 


ANNUAL REPORTS 


Annual Reports of the Bureau of Public Roads: 
1960, 35 cents. 1968, 85 cents. 1964, 35 cents. 1965, 40 cents. 
1966, 75 cents. 1966 supplement, 25 cents. 
(Other years are now out of print.) 


REPORTS TO CONGRESS 


‘Federal Role in Highway Safety, House Document No. 93 (1959) 
60 cents. 

‘Highway Beautification Program. Senate Document No. 6, 90th 
Cong., Ist sess. (1967). 25 cents. 

Highway Cost Allocation Study : 
Supplementary Report, House Document No. 124 (1965). $1.00. 

Maximum Desirable Dimensions and Weights of Vehicles Oper- 


ated on the Federal-Aid Systems, House Document No. 354 


(1964). 45 cents. 
The 1965 Interstate System Cost Estimate, House Document No. 
42 (1965). 20 cents. 


‘PUBLICATIONS 


A Quarter Century of Financing Municipal Highways, 1937-61. 
$1.00. 

Accidents on Main Rural Highways—Related to Speed, Driver, 
and Vehicle (1964). 35 cents. 

Aggregate Gradation for Highways: Simplification, Standardiza- 
tion, and Uniform Application, and A New Graphical Evalua- 
tion Chart (1962). 25 cents. 

America’s Lifelines—Federal Aid for Highways (1966). 20 cents. 

Calibrating and Testing a Gravity Model for Any Size Urban 
Area (1965). $1.00. 

Federal-Aid Highway Map (40 x 63 inches) (1965). $1.50. 

Federal Laws, Regulations, and Other Material Relating to High- 
ways (1966). $1.50. 

Freeways to Urban Development, A new concept for joint 
development (1966). 15 cents. 

Guidelines for Trip Generation Analysis (1967). 65 cents. 

Highway Bond Financing ... An Analysis, 1950-62. 35 cents, 

Highway Finance 1921-62 (a statistical review by the Office 
of Planning, Highway Statistics Division) (1964). 15 cents. 

Highway Planning Map Manual (1968). $1.00. 

Highway Planning Technical Reports—Creating, Organizing, and 
Reporting Highway Needs Studies (1964). 15 cents. 

Highway Research and Development Studies, Using Federal-Aid 
Research and Planning Funds (1965). $1.00. 

Highway Statistics (published annually since 1945) : 

1965, $1.00. 
(Other years out of print.) 

Highway Statistics, Summary to 1965, $1.25. 

Highway Transportation Criteria in Zoning Law and Police 
Power and Planning Controls for Arterial Streets (1960). 385 
cents. 

Highways to Beauty (1966). 20 cents. 

Highways and Eeonomic and Social Changes (1964). $1.25. 

Hydraulic Engineering Circulars: 

No. 5—Hydraulie Charts for the Selection of Highway Cul- 
verts (1965). 45 cents. 


PUBLICATIONS—Continued 


No. 10—Capacity Charts for the Hydraulic Design of High- 
way Culverts (1965). 65 cents. 

No. 11—Use of Riprap for Bank Protection (1967). 40 cents. 

Hydraulic Design Series: 

No. 1—Hydraulics of Bridge Waterways (1960). 40 cents. 

No. 2—Peak Rates of Runoff From Small Watersheds (1961). 
30 cents. 

No. 8—Design Charts for Open-Channel Flow (1961). 70 





cents. 
No. 4—Design of Roadside Drainage Channels (1965). 40 
cents. 


Identification of Rock Types (revised edition, 1960). 20 cents. 

Increasing the Traffic-Carrying Capability of Urban Arterial 
Streets: The Wisconsin Avenue Study (1962). Out of print— 
Request from Bureau of Public Roads. Appendix, 70 cents. 

Interstate System Route Log and Finder List (1968). 10 cents 

Labor Compliance Manual for Direct Federal and Federal-Aid 
Construction, 2d ed. (1965). $1.75. 

Amendment No. 1 to above (1966), $1.00. 

Landslide Investigations (1961). 380 cents. 

Manual for Highway Severance Damage Studies (1961). $1.00. 

Manual on Uniform Traffic Control Devices for Streets and High- 

ways (1961). $2.00. 

Modal Split—Documentation of Nine Methods for Estimating 
Transit Usage (1966). 70 cents. 

National Driver Register. A State Driver Records Exchange 
Service (1965). 20 cents. 

Opportunities for Young Engineers in the Bureau of Public Roads 
(1967). 80 cents. 

Overtaking and Passing on Two-Lane Rural Highways—a Litera- 
ture Review (1967). 20 cents. 

Presplitting, A Controlled Blasting Technique for Rock Cuts 
(1966). 80 cents. 

Proposed Program for Scenic Roads & Parkways (prepared for 
the President’s Council on Recreation and Natural Beauty), 
1966. $2.75. 

Reinforced Concrete Bridge Members—Ultimate Design (1966). 
35 cents. 

Reinforced Concrete Pipe Culverts—Criteria for Structural De- 
sign and Installation (1968). 380 cents. 

Road-User and Property Taxes on Selected Motor Vehicles 
(1964). 45 cents. 

Role of Economic Studies in Urban Transportation Planning 
(1965). 45 cents. 

Standard Plans for Highway Bridges (1962) : 

Vol. I—Concrete Superstructures. $1.00. Out of print. 

Vol. II—Structural Steel Superstructures. $1.00. Out of 
print. 

Vol. I1I1—Timber Bridges. $1.00. 

Vol. I[V—Typical Continuous Bridges. $1.00. 

Vol. V—Typical Pedestrian Bridges. $1.75. 

Standard Traffic Control Signs Chart (as defined in the Manual! 
on Uniform Traffic Control Devices for Streets and Highways) 
22 x 34, 20 cents—100 for $15.00. 11 x 17, 10 cents—100 for 
$5.00. 

Traffic Assignment and Distribution for Small Urban Areas 
(1965). $1.00. 

Traffic Assignment Manual (1964). $1.50. 

Traffic Controls for Highway Construction and Maintenance Op- 





erations, Part V (1963). 25 cents. 
Traffic Safety Services, Directory of National Organizations 
(1963). 15 cents. 


Transition Curves for Highways (1940). $1.75. 
Typical Plans for Retaining Walls (1967). 45 cents. 
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